The Notch signaling pathway is a key determinant in keratinocyte differentiation and growth cycle arrest, and has been reported to have a tumor suppressor function in skin. The papillomavirus life cycle is intricately linked to the differentiation status of keratinocytes. Papillomaviruses are associated with benign proliferative epithelial lesions in their respective hosts. Although human papillomaviruses (HPVs) associated with genital tract lesions have been extensively studied, studies of the cutaneous HPVs are more limited. In particular, it is well established that the E6 proteins of high-risk HPVs of the α-genus such as HPV16 and HPV18 mediate the degradation of p53 by its association with the ubiquitin ligase E6AP. In contrast, less is known about the cellular activities of the cutaneous HPVs of the β-genus. By using an unbiased proteomic approach, we identify MAML1 and other members of the Notch transcription complex as high-confidence cellular interacting proteins of E6 proteins of the β-genus HPVs and of the bovine papillomavirus type 1 associated with cutaneous fibropapillomas. We show that bovine papillomavirus type 1 and β-HPV E6 repress Notch transcriptional activation, and that this repression is dependent on an interaction with MAML1. Finally, we show that the expression levels of endogenous Notch target genes are repressed by β-HPV E6 proteins. These findings elucidate a mechanism of viral antagonism of Notch signaling, and suggest that Notch signaling is an important epithelial cell pathway target for the β-HPVs. Notch1 | proteomics | skin cancer P apillomaviruses infect a variety of mammalian hosts in a species-specific manner and have been associated with a number of epithelial malignancies in their respective hosts (1) . The bovine papillomavirus type 1 (BPV-1) induces the formation of cutaneous fibropapillomas and has been a useful tool for studying the molecular biology of these viruses. In humans, more than 120 different HPVs have been described, and the most frequently studied have been those of the α-genus that are associated with mucosal genital tract and upper airway lesions. The low risk α-HPV types, such as HPV6 and HPV11, cause benign genital warts, whereas the high-risk α-HPV types such as HPV16 and HPV18 cause lesions that progress to cancer (1) . In contrast, the β-genus HPVs cause cutaneous nongenital skin lesions. This group of viruses was first described in cancers and precancerous lesions of patients with epidermodysplasia verruciformis (2) . DNA from these viruses is also found in nonmelanoma skin cancer of immunosuppressed patients and in the general population (3), as well as some normal skin samples (4) . Thus, an etiological role for the β-HPV types in the cancers with which they are associated remains unclear.
The E6 oncoproteins encoded by papillomaviruses do not have any reported enzymatic activity, and exert their function by binding cellular proteins. High-risk α-HPV E6 proteins have been extensively investigated, and a major oncogenic activity involves the proteolytic degradation of p53 by complexing with the cellular ubiquitin ligase E6AP (5, 6) . In addition, they have a unique PDZ-binding domain at their C terminus that binds proteins with PDZ domains and facilitates their ubiquitylation by E6AP (7, 8) . In contrast, BPV-1 and β-HPV E6 proteins do not stimulate p53 degradation (9) (10) (11) and lack a PDZ-binding domain. Less is known about the cellular binding partners of E6 for BPV-1 and the β-HPV types. Hence, the activities of BPV-1 and the β-HPV E6 proteins are poorly understood at present compared with the high-risk α-HPV E6 proteins.
To further our understanding of the cellular activities of the E6 proteins of papillomavirus types other than the high-risk α-HPVs, we initiated studies to identify the cellular interacting proteins of E6 of the other papillomavirus types. By using an unbiased proteomic approach, we identify Mastermind-like 1 (MAML1) and other members of the Notch transcription complex as cellular interacting proteins of the E6 protein encoded by BPV-1 and the β-HPVs. MAML1 is a core component of the transcriptional activation complex that mediates the effects of the canonical Notch signaling pathway (12) . We map the interaction of BPV-1 and β-HPV E6 with MAML1 to an LDDLL motif in the C-terminal acidic domain of MAML1. Finally, we show that BPV-1 and β-HPV E6 repress Notch-mediated transcriptional activation of Notch-responsive reporter genes and the expression levels of endogenous Notch genomic target genes.
The Notch signaling pathway is crucial in cell-fate determination and cell proliferation during vertebrate development (13) . Notch receptors participate in a signaling pathway in which ligand binding to the extracellular domain of Notch receptors triggers a series of proteolytic cleavages that allow the intracellular domain of Notch to translocate to the nucleus, where additional coactivators such as MAML1 are recruited to activate gene expression (14) .
Notch-dependent transcriptional programs are critical in the differentiation and cell cycle arrest of keratinocytes (15, 16) . In addition, inactivating Notch pathway mutations have been recently reported in squamous cell carcinomas of the head and neck (17, 18) and the skin (19) , suggesting that a significant role of the Notch signaling pathway as a tumor suppressor in squamous epithelial cells.
Results

BPV-1 E6 Protein Interacts with MAML1 and Components of Notch
Transcription Complex. We undertook an unbiased proteomic approach to identify cellular interacting proteins of the BPV-1 E6 protein. HA-tagged BPV-1 E6 was stably expressed in 293T cells via retroviral transduction. After HA immunoprecipitation (IP) and processing of the cell lysates, E6-associated proteins were identified by liquid chromatography/tandem MS, and the data were analyzed with the proteomics software Comparative Proteomics Analysis Software Suite (CompPASS) (20) . The CompPASS algorithm compares the abundance (total spectral counts), specificity, and reproducibility of interacting proteins with analogous complexes from dozens of unrelated bait proteins to assign a normalized weighted D-score (NWD score), as well as a z-score based solely on peptide abundance. Proteins with NWD scores of at least 1 are considered high-confidence candidate interacting proteins (HCIPs). Proteins with NWD lower than 1 as a result of very low total spectral counts, but that are nevertheless very specific to the bait in question, can also be identified by z-scores greater than 5, providing additional candidate interacting proteins. Among the proteins with NWD scores of at least 1 for BPV-1 E6 were components of the Notch transcriptional complexes MAML1 and MAML3 as well as a poorly characterized ORF KIAA1712 (not pursued further here; Fig. 1 A and B and Dataset S1). Additional components of the Notch transcriptional complex, including Notch1, Notch2, and RBP-J had NWD scores lower than 1 but were highly specific for BPV-1 E6 (z-score >8; Fig. 1A and Dataset S1).
MAML1 Is Also an Interactor of Cutaneous β-HPV E6 Proteins. Our laboratory has also initiated a systematic analysis of the cellular interactors of several key proteins encoded by a diverse group of HPVs (21) . As part of this ongoing analysis, the binding partners of an array of HA-tagged papillomavirus E6 proteins have been identified in low-passage N/Tert-1 human keratinocytes stably expressing these proteins. A preliminary analysis of the data for the HPV E6 proteins identified MAML1 as an HCIP for seven β-HPV E6s (Fig. 1C and Dataset S2). Other members of the Notch transcription complex were also identified as interactors in this data set. In contrast, the ubiquitin ligase E6AP was not identified as an interactor of any of the β-HPV E6s but was identified as an HCIP for the α-HPV16 E6 protein, consistent with the known interaction between E6-AP and HPV16 E6 (Fig.  1C and Dataset S2). Interestingly, MAML1 was not detected in complex with the α-genus HPV16 E6 (Fig. 1C and Dataset S2), although it should be noted that a previous study has reported an interaction between HPV16 E6 and MAML1 in a yeast twohybrid screen (12) .
To confirm the interaction of MAML1 with BPV-1 and β-HPV E6, we used 293T cells stably expressing HA-tagged BPV-1 E6 or E7 proteins and N/Tert-1 cells stably expressing HA-tagged HPV17a E6 or E7 proteins to perform HA IP followed by Western blotting with an antibody against endogenous MAML1. We observed specific binding of endogenous MAML1 to the E6 proteins from BPV-1 and the β-genus HPV17a, but not to the E7 proteins ( Fig. 2A) . In addition, we confirmed the interaction of BPV-1 E6 with two other members of the Notch transcription complex identified in our MS dataset, intracellular Notch1 (ICN1) and RBPJ ( Fig. 2A ). An interaction with MAML1 was also observed for the β-genus HPV38 E6 protein, but not for the α-genus HPV16 E6 protein (Fig. 2B) . These results confirmed that MAML1 is a specific interactor of BPV-1 and β-genus HPV E6 proteins, but not an interactor of the α-genus HPV16 E6.
Considering the high NWD score for MAML1 and the relatively lower NWD scores for the other Notch transcription complex components in the BPV-1 E6 CompPASS analysis, we speculated that E6 directly bound MAML1, which in turn mediated the interaction with the other Notch transcription complex components. To test this hypothesis, we examined the binding of E6 to MAML1, RBPJ, and Notch1 in 293T-BE6-HA cells in which MAML1 had been knocked down with siRNAs. Using two different siRNAs directed to MAML1 that each effectively reduced MAML1 levels, we observed reduced binding of BPV-1 E6 to both RBPJ or ICN1 (Fig. 2C) . Thus, we conclude that the interaction of E6 to the components of the Notch transcriptional complex is mediated through its interaction with MAML1.
MAML1 belongs to a family of three Notch transcriptional coactivators. MAML3, but not MAML2, was identified as an interactor of BPV-1 E6 in the IP-MS/MS experiment (Fig. 1B) . To confirm the binding of BPV-1 E6 to MAML3 and to determine whether it could also bind MAML2, we examined the interactions by using transiently expressed FLAG-tagged MAML1, MAML2, and MAML3 in 293T cells stably expressing BPV-1 E6 (293T-BE6-HA). HA IP of cell lysates followed by Western blotting with FLAG and HA antibodies showed that BPV-1 E6 interacts only with MAML1 and MAML3, and not with MAML2 (Fig. 2D ). In addition, in this and subsequent experiments, we observed an apparent increase in BPV-1 E6 levels in cells expressing exogenous MAML proteins that interact with BPV-1 E6. we mapped the domain on MAML1 that mediates its interaction with BPV-1 E6. We expressed various FLAG-tagged full-length (FL) MAML1 or MAML1 fragments (Fig. 3A , Upper) in C33A-8E6-HA cells, and performed HA IP of the cell lysates followed by Western blotting with FLAG and HA antibodies. We found that that a C-terminal fragment of MAML1, MAML1(842-1016), is sufficient for its interaction with β-HPV8 E6 (Fig. 3B ). An examination of the amino acid sequence of this fragment of MAML1 revealed an acidic domain with an LXXLL motif. Such acidic α-helical motifs have been shown to be important for interacting with papillomavirus E6 proteins (22, 23) , and are found in other E6-binding proteins such as E6AP, paxillin, and IRF3 (24) (25) (26) . To test whether this acidic domain was necessary for binding to the BPV-1 and β-HPV8 E6 proteins, a truncation mutant of MAML1 missing this acidic domain, MAML1(1-990) was generated (Fig. 3A , Lower). When transiently expressed in 293T-BE6-HA cells or C33A-8E6-HA cells, this MAML1(1-990) mutant was unable to bind BPV-1 or HPV8 E6 protein (Fig. 3C ). These results demonstrate that the C-terminal acidic domain of MAML1 is necessary for its interaction with BPV-1 and β-HPV E6. To further elucidate the motif necessary for the interaction, we constructed a MAML1 mutant (MAML1-ADDAA) with leucine-to-alanine mutations in the LDDLL motif (Fig. 3A , Lower). This mutant was found to be deficient in binding BPV-1 and HPV8 E6 proteins (Fig. 3C ). Taken together, these results indicate that the LDDLL motif in the C-terminal acidic domain of MAML1 is necessary for its interaction with BPV-1 and the β-HPV E6 proteins.
An examination of the C-terminal acidic domains of the MAML family of proteins (Fig. 3A , Lower) reveals a closer conservation for MAML1 and MAML3 than with MAML2, with an additional two amino acid residues proximal to the motif that might alter the structure of this domain MAML2 and perhaps explain its inability to bind BPV-1 E6 as observed in Fig. 2D .
BPV-1 and β-HPV E6 Repress Notch Transcriptional Activation.
MAML1 functions as a transcriptional coactivator in the Notch signaling pathway (12) . We postulated that E6 might affect Notch signaling through its interaction with MAML1. We tested whether the E6 proteins from various papillomavirus types affected Notch transcriptional activation using a Notch-responsive luciferase plasmid HES1-luc. C33A (Fig. 4A) and U2OS (Fig.  4B ) cells were cotransfected with the HES1-luc reporter plasmid and the control Renilla luciferase plasmid pRL-tk-luc, along with different E6 expression plasmids. Notch-dependent transcription was activated by the coexpression of ICN1. The total amount of DNA transfected for each experiment condition was normalized by the addition of the appropriate amount of noncoding control plasmid. Luciferase activity was measured 48 h after transfection, and the firefly luciferase readings were normalized to their respective Renilla luciferase readings. The fold change in reporter activity of each experiment condition relative to the nonactivated control is depicted in Fig. 4 . BPV-1 E6 and two different β-HPV E6 proteins (HPV8 and HPV17a) exhibited a dose-dependent repression of ICN1-mediated Notch transcriptional activation in C33A and U2OS cells (Fig. 4 A and B) . In contrast, the expression of an unrelated control cellular protein Zer1 had no effect on Notch transcription activation. In addition, the expression, even at the highest dose of input plasmid, of α-HPV16 E6 did not repress the activation of transcription from the reporter plasmid. To further validate this finding, we performed additional studies in which we activated Notch signaling by using its ligand Jagged2, which presumably yields a more physiologic level of activated Notch. After cotransfecting U2OS cells with the Notch-responsive TP1-luc and pRL-tk-luc, the cells were cocultured with 3T3 or 3T3-Jagged2 cells (27) . 3T3-Jagged2 cells stably express the Notch ligand Jagged2 and activate Notch signaling by binding the Notch receptors on the surface of the transfected U2OS cells (Fig. 4C) . Ligand-induced Notch signaling can be abrogated by addition of γ-secretase inhibitors (GSI) such as compound E or the coexpression of the dominant negative (DN) MAML1 fragment MAML1(13-74) (28) , which retains the N-terminal ICN/RBPJ interaction domain but lacks the C-terminal transactivation domain (TAD) of MAML1 (12) . Like GSI and DN MAML1, coexpression of BPV-1 E6 protein or the E6 proteins from three different β-HPVs (HPV8, HPV17a, and HPV38) led to a strong repression of Notch transcription (Fig. 4C) .
β-HPV E6-Mediated Repression of Notch-Dependent Transcriptional Activation Requires Their Interaction with MAML1. To investigate whether the repression of Notch activity produced by the different β-HPV E6 proteins depends on its interaction with MAML1, we assayed FL MAML1 and the non-E6-binding MAML1-ADDAA mutant in U2OS cells by using the 3T3-Jagged2 coculture luciferase assay. Ligand-mediated Notch signaling was enhanced approximately sevenfold by FL MAML1 or MAML1-ADDAA, indicating that the LDDLL domain of MAML1 is not critical for MAML1's transcriptional activation function (Fig. 4D, lanes 3 , 5, 7, and 9 vs, lane 2). HPV8 E6 or HPV17a E6 repressed MAML1-mediated transcriptional activation (Fig. 4D, lanes 4 and 8) . In contrast, the β-HPV E6 proteins do not repress MAML1-ADDAA-mediated transcriptional activation (Fig. 4D , lanes 6 and 10), indicating that the mutation of the β-HPV E6 binding site on MAML1 rescues it from E6-mediated repression. This result shows that the interaction between MAML1 and the β-HPV E6 proteins is required for β-HPV E6-mediated repression of Notch transcriptional activation.
β-HPV E6 Represses Expression and Activation of Notch Target Genes.
The luciferase reporter assay results suggested that β-HPV E6 proteins should also repress the expression and activation of endogenous Notch target genes. To test the effect of β-HPV E6 proteins on the basal expression of Notch target genes, we assessed levels of Notch target gene expression in N/Tert-1 cells stably expressing a panel of E6 proteins from different β-HPV types (HPV8, HPV17a, or HPV38). As controls, we used N/Tert-1 cells stably expression HPV17aE7 or the cellular protein Zer1. As predicted, the N/Tert-1 cells expressing the various β-HPV E6 proteins had two-to fivefold lower mRNA levels of the Notchresponsive genes HES1, HEY1, NOTCH1, and NRARP, compared with control N/Tert-1 cells (Fig. 5A) . In contrast, the control N/Tert-1 cells expressing HPV17aE7 and Zer1 had similar levels of expression of these genes to the control N/Tert-1 cells. Notch activation has previously been reported to induce p21 expression and cell cycle arrest in keratinocytes (16) . We observed a three-to fivefold lower levels of p21 mRNA in N/Tert-1 cells expressing the various β-HPV E6 proteins. To test whether the β-HPV E6 proteins are able to repress Jagged2-mediated activation of Notch target gene expression, we compared the levels of Notch target gene expression in control N/Tert-1 cells with N/Tert-1 cells stably expression HPV17a E6 in the presence and absence of Notch ligand stimulation. As expected, we observed an activation of the Notch target genes (HES1, HEY1, and NRARP) when the control N/Tert-1 cells were stimulated by coculture with 3T3-Jagged2 cells (Fig. 5B) . In addition, we observed repression of Notch target gene expression in N/Tert-1 cells stably expressing HPV17a E6, even in the presence of Notch stimulation by Jagged2. These results demonstrate that β-HPV E6 proteins are specifically disrupting Notch target gene expression as part of their cellular activity.
Discussion
The papillomavirus E6 proteins do not have any known intrinsic enzymatic activity, and hence exert their cellular functions by binding host proteins. Although the oncogenic activity of high- risk α-genus HPV E6 proteins have been extensively investigated, less is known about the cellular activities of the BPV-1 or the β-genus HPV E6 proteins. To further our understanding of the cellular activities of BPV-1 and β-genus HPV E6 proteins, we undertook an unbiased proteomic screen to identify their unique cellular interactors. Through this approach, we have identified MAML1 and other components of the Notch transcription complex as interacting proteins of BPV-1 and β-HPV E6 (Fig. 1) . While we were preparing this manuscript for submission, a manuscript from Brimer et al. was published that also independently showed that BPV-1 and HPV8 E6 proteins associate with MAML1 and affect Notch signaling (29) . Our study establishes that binding to the MAML coactivators is required for inhibiting Notch signaling in keratinocytes and that this is a general property of the HPV E6 proteins of the β-genus and not shared by the HPV E6 proteins of the α-genus.
MAML1 is a core component of the canonical Notch signaling pathway (12) . The N-terminal basic domain of MAML1 interacts with the ankyrin repeats of the intracellular domain of Notch receptors and the DNA-binding factor RBPJ (also known as CSL) (30, 31) . MAML1 also contains two TADs that are believed to be involved in the recruitment of additional cellular factors contributing to target gene activation. Forms of MAML1 that lack these C-terminal domains act as DN proteins and induce cutaneous squamous cell carcinomas in mice (32) , implicating the Notch/RBPJ/MAML1 complex in suppression of squamous carcinogenesis.
Mapping the interaction between the papillomavirus E6 proteins and MAML1 revealed the importance of the C-terminal acidic domain of MAML1 for its interaction with papillomavirus E6 proteins (Fig. 3) . This acidic domain is part of TAD2 of MAML1, which is required for transcription in vivo and has been proposed to interact with additional unknown cellular proteins necessary for Notch transcriptional activation (33) . In addition, we show that an LDDLL motif in the acidic domain is necessary for its interaction with papillomavirus E6 proteins.
The Notch signaling pathway plays important roles in cell-fate determination and cell proliferation during vertebrate development (13) . Notch receptors participate in a signaling pathway in which ligand binding to the extracellular domain of Notch receptors triggers a series of proteolytic cleavages that allow the intracellular domain of Notch to translocate to the nucleus and activate gene expression. In mouse models, Notch can function as an oncogene or a tumor suppressor, depending on the context (34) . Furthermore, whereas activating mutations in the NOTCH1 gene are frequently found in human T-cell acute lymphoblastic leukemia (35) , the Notch pathway has tumor-suppressive activity in mammalian epithelial cells (32, 36) . Recently, inactivating Notch pathway mutations have been reported in squamous cell carcinomas of the head and neck (17, 18) and the skin (19) . Taken together, these findings suggest that the Notch signaling pathway may have a significant role as a tumor suppressor in squamous epithelial cells. In keratinocytes, the activation of Notch signaling induces differentiation and cell cycle arrest (15, 16) . Considering that the virus life cycle of the papillomaviruses are closely linked to the differentiation state of squamous epithelial cells, the Notch pathway represents a potentially important target for papillomaviruses. Indeed, HPV16 E6 has been reported to target the Notch signaling pathway by decreasing Notch1 expression levels in a p53-dependent manner (37, 38) . This could lead to a downstream effect on Notch signaling, but such an effect for HPV16 has not yet been reported to our knowledge.
In contrast, neither BPV-1 E6 nor any of the β-HPV E6s induce p53 degradation, nor have they been previously reported to have an effect on Notch signaling. Here we report a repression of Notch transcriptional activation by BPV-1 and β-HPV E6 (Fig.  4) . In particular, this repression of Notch signaling is dependent on their interaction with MAML1 (Fig. 4) . This represents a unique mode of perturbing Notch signaling.
Finally, to look at the cellular outcome of this perturbation, we examined the expression of Notch target genes in keratinocytes expressing β-HPV E6s. Consistent with the repression of Notch transcription we observed in our luciferase assays, we found a repression of Notch target gene expression in cells expressing β-HPV E6s, even in the presence of ligand stimulation of Notch signaling (Fig. 5) . A decrease in HES1, HEY1, Notch1, and Nrarp expression levels was observed in each of the β-HPV E6-expressing cell lines tested. This work identifies the Notch signaling pathway as a target for a variety of papillomaviruses. Although the perturbation of the Notch signaling pathway via binding of viral proteins encoded by EBV and Kaposi sarcoma-associated herpesvirus to the transcription factor RBPJ has been reported (39) (40) (41) , perturbation and disruption of Notch signaling by papillomavirus proteins has not been reported. In particular, the repression of Notch transcription by BPV-1 E6 and β-HPV E6s through their interaction with MAML1 represents a unique mechanism of targeting Notch signaling.
The papillomavirus life cycle is closely linked to the differentiation state of squamous epithelial cells (1), making the keratinocyte differentiation program an ideal target for viral perturbation. Indeed, the α-HPV E7 proteins have been reported to alter the differentiation program of keratinocytes via an interaction with p21 (42, 43) . Considering the integral role of Notch signaling in keratinocyte differentiation (15, 16) , we propose that the β-HPV E6s perturb the Notch signaling pathway to alter the keratinocyte differentiation program and maintain a conducive cellular environment for viral replication.
In light of the importance of the Notch pathway in keratinocyte differentiation and the recent discovery of additional tumor suppressor functions of the Notch pathway, our work lays the foundation to further understanding of the Notch signaling pathway and its perturbation by papillomaviruses. Although an etiologic role for the β-HPVs in the nonmelanoma skin cancers in which they have been found has not been firmly established, the identification of the Notch pathway as a target of E6 through interaction with MAML coactivators provides a potential mechanism by which this group of viruses might contribute to cancer progression in epithelial cells.
Materials and Methods
Cells and Viruses. 293T, C33A, U2OS, 3T3 and 3T3-Jagged2 (27) cells were cultured in DMEM (Invitrogen) supplemented with 10% (vol/vol) FBS (SH3008803; HyClone) and 1% penicillin-streptomycin (Gibco/Invitrogen). N/Tert-1 cells were cultured as described previously (44) . The stable 293T and N/Tert-1 cell lines used for the HA IP-MS/MS analysis were made by using retroviruses generated in 293 Phoenix cells per a standard protocol. Briefly, 293 Phoenix cells were cotransfected with the retroviral vectors encoding HA-tagged versions of the various papillomavirus E6 proteins, along with expression vectors encoding the retrovirus proteins GagPol and vesicular stomatitis virus G protein. 293T or N/Tert-1 cells were then infected with the produced viruses by using a standard protocol and selected for 10 d in DMEM with 0.75 or 0.5 μg/mL puromycin, respectively.
Plasmids. The various papillomavirus E6 and E7 ORFs were PCR-amplified from genomic plasmids for BPV-1 (45), HPV8 (46), HPV17a (47) , and HPV38 (48), and cloned into retroviral expression vectors by using Gateway recombination cloning technology (Invitrogen).
The FLAG-tagged MAML constructs have been described (12) , and were gifts of Lizi Wu (University of Florida, Gainesville, FL). The V5-tagged MAML1 constructs were generated by using standard mutagenesis protocols and cloned into lentiviral expression vectors by using Gateway recombination cloning technology (Invitrogen).
The Notch luciferase reporter plasmids HES1-luc (49) and TP1-luc (41) have been described. The firefly luciferase readings were normalized for transfection efficiency by cotransfection with pRL-TK (Promega) that encodes Renilla luciferase as described previously (50) . The DN MAML1 and intracellular domain of Notch1 (i.e., ICN1) expression plasmids have been previously described (28) .
DNA Transfection. Cells were seeded the day before transfection to achieve 70% confluence on the day of transfection. C33A and U2OS cells were transfected with the indicated plasmids using a 3:1 FuGENE (in μL)/DNA (in μg) ratio, as recommended in the manufacturer's protocol (Roche). 293T/ Phoenix cells were transfected using TransIT-293 (Mirus) with the indicated plasmids using a 3:1 TransIT-293 reagent (in μL)/DNA (in μg) ratio, per the manufacturer's protocol.
siRNA Transfection. siRNAs were obtained from Dharmacon. 293T cells were seeded the day before transfection to achieve 80% confluence on the day of transfection, and transfected using DharmaFECT1, as recommended in the manufacturer's protocol (Dharmacon/Thermo Scientific). Medium was replaced 24 h after transfection, and transfection efficiency was monitored by using siGLO Red (Dharmacon). Cells were harvested 48 h after transfection for IP experiments.
Protein IP. HA IP for MS and CompPASS analysis were performed on 293T or N/ Tert-1 cells stably expressing the respective HA-tagged proteins as described previously (20) . Briefly, four 15-cm plates of 90% confluent cells were harvested in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA) supplemented with a protease inhibitor mixture (Roche). Cell lysates were sonicated at 30% amplitude for 8 s with a Branson sonifier, and clarified by spinning at 16,100 × g for 10 min and passing through a 0.20-μm filter (model 431218; Corning). The lysate was then incubated with anti-HA-agarose resin (A2095; Sigma) overnight at 4°C. After five washes with lysis buffer, the resin was exchanged into PBS and eluted with 250 μg/mL HA peptide (Sigma) at room temperature. The eluted proteins were concentrated by trichloroacetic acid (Sigma) precipitation, and washed with acetone (Sigma).
HA IPs for Western blotting were performed as described earlier, except the bound proteins were eluted by boiling in sample buffer for 10 min. V5 IPs for Western blotting were performed like HA IPs but using anti-V5 agarose (A7345; Sigma).
Western Blotting. Proteins were separated by using NuPAGE (Invitrogen) gels and transferred onto PVDF membranes. After blocking in 5% (wt/vol) milk in Tris-buffered saline solution, pH 7.4, with 0.05% Tween-20, blots were incubated with the following primary antibodies: actin (Millipore), V5 (R960-25; Invitrogen), FLAG (F7425; Sigma), MAML1 [A300-673A (Bethyl) or 4608S (Cell Signaling)], RBPJ (5442S; Cell Signaling), and Notch1 (51) . HA was probed directly by using an HA-peroxidase antibody (no. 12013819001; Roche).
Bound primary antibodies were incubated with donkey anti-rabbit and sheep anti-mouse IgG horseradish peroxidase-linked antibodies (NA934 and NA931; Amersham/GE Healthcare). All proteins were detected by using Western Lightning chemiluminescent substrate and visualized on film.
MS and CompPASS Analysis. HA IPs were performed on lysates from 293T or N/Tert-1 cells stably expressing N-terminal HA-tagged papillomavirus E6 proteins and were prepared for MS (liquid chromatography/tandem MS) as previously described (20) . The data were measured using an LTQ Orbitrap Velos (Thermo Scientific). All peptide identifications were made by using Sequest, and the resulting data were analyzed by using CompPASS against a database containing IP-MS/MS data for 74 unrelated bait proteins. Interaction network analysis was performed by using the STRING databases (http://string-db.org/) with software included in CompPASS and visualized by using Cytoscape software (www.cytoscape.org).
Dual-Luciferase Reporter Assay. U2OS or C33A cells were plated at 70% confluence in 12-well plates 1 d before transfection. The total amount of transfected plasmid DNA was kept constant by adding appropriate amount of control plasmids. In the coculture experiments, the transfected U2OS cells were replated on top of 3T3 or 3T3-Jagged2 cells 24 h after transfection in media supplemented with 1 μM of the GSI compound E (Enzo Life Sciences) or DMSO vehicle. Cells were harvested for luciferase analysis 48 h after transfection as described earlier.
Luciferase activity was determined by using the Dual-Luciferase Reporter Assay System (Promega), per the manufacturer's protocol. Luciferase readings were measured by using the SpectraMax L Luminescence Microplate Reader (Molecular Devices). The firefly luciferase readings were normalized to relative luciferase units by using the respective Renilla luciferase readings.
Quantitative Real-Time PCR (QRT-PCR). For quantitative real-time PCR (qRT-PCR), total RNA was isolated from the various N/Tert-1 cell lines using the NucleoSpin RNA II kit (Clontech) per the manufacturer's instructions. The concentration of each sample was determined by UV spectrophotometry (NanoDrop), and equal amounts of RNA were reverse-transcribed by using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression levels was detected with an Applied Biosystems ABI 7500 Fast Sequence Detection System using TaqMan Fast Universal PCR Master Mix (Applied Biosystems) and the TaqMan Gene Expression assays (Applied Biosystems) for HES1 (assay ID, Hs00172878_m1), HEY1 (assay ID, Hs00232618_m1), Notch1 (assay ID, Hs01062014_m1), Nrarp (assay ID, Hs01104102_s1), and Actin (assay ID, Hs99999903_m1).
The relative amounts of cDNA in each sample were calculated based on a standard curve prepared by using serial dilutions of the reference cDNA. The cDNA amount was then normalized to the housekeeping gene, Rad21 (assay ID, Hs00366726_m1). The fold change in transcription of the gene was calculated by comparison with control N/Tert-1 cells.
